Abstract Series of reconstructed historical floods are valuable sources of proxy data that can be utilized for the study of flooding fluctuations in the pre-instrumental period. In this work, the severity and frequency of historical flood events in different Spanish rivers are analysed using documentary evidence. The occurrence of floods in the past is analysed bearing in mind the basic topographical and hydrological characteristics of the rivers investigated, as well as the climatological causes of their flooding during the instrumental period. Flood frequency oscillations identified in the present work coincide in general terms with already detected oscillations in previous research for shorter number of chronologies. Analysis for events covering more than two basins shows a relatively small number of cases. Meanwhile, as the climatic context produces simultaneous increases in frequency, geographical characteristics provoke a limitation on the extension of flood impacts during every severe weather event.
INTRODUCTION
According to the Intergovernmental Panel on Climate Change (IPCC, 2001) , the systematic collection of long-term instrumental and proxy observations of climate system variables is needed for the purpose of model testing, assessment of temporal and regional variability, and for detection and attribution studies, to reduce uncertainties in predicting and detecting future climate change. Also, the positive feedback mechanism between increased temperatures during the last few decades and an enhanced water cycle could be studied regionally at much longer time scales.
Alongside temperature, precipitation is the key factor affecting human economies and terrestrial ecosystems. Extreme hydrological events such as floods have a large impact. Therefore, efforts should be made to increase our understanding of long-term changes in the frequency of these events. In fact, there have been significant developments in recent decades in the research of palaeofloods (Baker, 2006; Macklin et al., 2006) . Europe, and Spain in particular, is one of the regions with substantial coverage of documentary evidence on past climatic events. Floods are frequently referred to among extreme hydrometeorological phenomena in various historical sources. Up to the present, continuous Spanish flood chronologies covering the last few centuries are only available for some regions, such as Catalonia in the northeast of the country (Barriendos & Martín-Vide, 1998; Llasat et al., 2005) , central Spain (Benito et al., 2003) , and Andalusia in the south of the country . The main purpose of this work is to present an ensemble of flood chronologies covering most of the river basins in the Iberian Peninsula. The objective is to study the spatial and temporal distributions of these events.
This work is structured as follows: the Data section describes the database used in this study and the basic characteristics of the rivers investigated. Subsequent sections present the decadal frequency of floods of different river basins during the preinstrumental period and the analysis of flood events of large severity and extensive effects (two or more river basins affected). Finally, in the last section, some conclusions and the need for future work are outlined.
DATA Basic characteristics of data series
Floods are phenomena that have produced severe impacts on society in Spain throughout the centuries. Torrential or persistent rainfalls are the main causes of floods in Spain. Their destructive capacity is increased by geographical factors, especially a complex mountainous relief with marked unevenness.
The capacity of the inundations to affect the daily lives of the population justifies the existence of public institutions for recording these events and their impacts in administrative documentation: it was necessary to document the phenomenon and damage caused for organizing reparations, getting help to victims, and definition of the financial resources for dealing with the extraordinary situation (creation of new taxes or reinforcement of existing taxes). Historical archives contain sufficient, information for identifying and characterizing inundations in continuous chronologies, collecting administrative sources of high reliability, but also private documentary sources (chronicles, diaries) of low reliability yet providing useful complementary information.
The collection of information in historical archives for the elaboration of chronologies of inundations is time-consuming and demands perseverance, because the specific information on each flood event is not well organized within the documents. Hence, a systematic and extensive consultation of manuscript documents is needed.
Some researchers have worked on the compilation of information on inundations and extreme meteorological events. One of the firsts researchers was a physicist, Dr Manuel Rico Sinobas (c. 1850), whose work was continued by Bentabol (1900) . Other authors for the second half of the 20th century were Blasco (1959) for the Ebro River, Couchoud (1965) for the Segura River and Codina (1971) for the Llobregat River. A large unpublished initiative was carried out by José María Fontana Tarrats, who collected historical data for the whole country during the 1960s to 1970s (see Acknowledgements), which were partially published thanks to Inocencio Font Tullot (1988) . Present research from university research teams has permitted the recovery and analysis of different flood chronologies (Grimalt, 1992; Barriendos & Pomés, 1993; Barriendos & Martín-Vide, 1998; Brázdil et al., 1999; Benito et al., 2003; Llasat et al., 2005) .
Research has focused on identification and dating of inundation events. For the moment, the information available on most of the events is: identification of the exact date; a documentary or bibliographical reference; and a first classification in terms of severity of impact -catastrophic floods (overflow with significant damage or destruction of infrastructures) and extraordinary floods (overflow with some damage) (Barriendos & Pomés, 1993; Barriendos & Martín-Vide, 1998) .
In the present work, chronologies compiled by different authors and direct research on historical archives are presented. It was possible to compile 2249 units of information on floods, slight floods, events with no clear identification and different descriptions of the same event. Finally, 1422 inundations (589 catastrophic and 833 extraordinary) in 17 river basins (see Fig. 1 ) have been organized in 30 chronologies for different locations (see Table 1 ). Most of the information refers to the cities that are located in the middle or lower parts of the rivers; hence, the river discharge contains the contribution of a large part of the catchment areas. Therefore, as a first approach, it seems reasonable to infer general conditions for the river basins from point sources.
Spatial coverage of the available chronologies is acceptable, although some important basins such as the Guadiana in the Galicia region of northwestern Spain, and other small basins have no chronologies (Fig. 1) . Concerning temporal coverage, the 
Topographical and hydrological characteristics
From the 30 chronologies recorded in Table 1 , 14 river basins were selected to be investigated according to the length of the record and the quality and continuity of documentary data criteria. Basic information about the geographical and hydrological characteristics of the rivers investigated is presented in Table 2 .
The maximum discharges for the Atlantic rivers occur from December to March, and for Mediterranean rivers in spring or autumn months. Similar to other Mediterranean areas, the river flow regime in the Iberian Peninsula is influenced by the highly seasonal precipitation regime (Trigo et al., 2004) . River flow reflects precipitation integrated both spatially (over the catchment) and temporally: therefore, a seasonal (rather than monthly) time scale is considered here (where winter is December-February). Given the direct relationship between the occurrence of floods and rainfall regime in Spain, a preliminary classification of flood events must take into account the different rainfall regimes that can be established in the study area. Previous analysis (for instance, Muñoz-Díaz & Rodrigo, 2004a) establishes, with slight seasonal differences, three different climatically homogenous areas in Spain: the northern coast, the central and western area, and the Mediterranean coast. Rainfall in the first area is mainly caused by southern flows that bring wet air masses from the Atlantic Ocean (Goodess & Jones, 2002) ; meanwhile, the rainfall regime in the western and central part of the peninsula is mainly governed by western fluxes, with a clear influence of the North Atlantic Oscillation (NAO) (Muñoz-Díaz & Rodrigo, 2004b) . In fact, winter precipitation over southern Spain and Morocco during the last 500 years is believed to be mainly determined by the state of the NAO (Luterbacher et al., 2002) and the large inter-annual variability in the flows of three Atlantic basin rivers (Duero, Tajo and Guadiana) is largely modulated by the NAO phenomenon during most of the 20th century (Trigo et al., 2004) . The Mediterranean area is influenced by eastern flows from the Mediterranean Sea (Romero et al., 1999) . This region is sheltered from intense Atlantic disturbances by the central Spanish plateau and the Pyrenees, and also by higher land flanking the Mediterranean coast (Sumner et al., 2001 ). This area is affected by torrential rains, convective in nature, which occur mainly in autumn months, which is typical of Mediterranean weather types. Figure 2 shows the mean value of monthly rainfall in the locations used in this study during the reference period . The main difference between locations on Atlantic Basin rivers and those on Mediterranean Basin rivers is the occurrence of maximum rainfall, around November for Atlantic locations, and October for most of the Mediterranean locations. The runoff process of a catchment basin and its flood events is greatly influenced by changes in the nature of the landscape. There are impacts related to land-use changes connected to agriculture (irrigation canals), deforestation, changes in the river beds and water management (building of water structures, embankment, damming). The evidence from pollen records of human impacts on the Spanish landscape indicates that there has been significantly increased deforestation over the last 2000 years . For instance, in Málaga, which is surrounded by mountains with steep slopes, trees on the slopes were cut down and replaced by vineyards during the 16th and 17th centuries, which resulted in a more intensive surface runoff and soil erosion (Colosía Rodríguez, 1978) . Only the construction of dams during the last decades of the 20th century has altered the magnitude of the highest instantaneous runoff values, and therefore the occurrence of floods, in the cities investigated.
ANALYSIS OF SPANISH FLOODS
Detailed written evidence about floods on selected rivers allows flood series to be compiled according to their causes as well as their impacts. From a meteorological point of view, it is possible in Spain to distinguish between floods caused by short but intense precipitation and those caused by long-lasting continuous rainfall (floods associated with snowmelt are infrequent and affect only small rivers, therefore they have not been included in this study). Generally, floods of the first type occur on a local scale and often have disastrous local impacts. Most of the Mediterranean Basin rivers are short, flowing from the mountains into the Mediterranean Sea. Therefore, great temporal and spatial variability in the occurrence and severity of floods in these rivers can be expected. The other type is essentially associated with larger regions, with the catchment areas related to the longer rivers in the peninsula, mainly in the Atlantic Basin. Table 3 illustrates the seasonality of the floods recorded in the 14 rivers investigated, expressed as a percentage of the total number of floods.
In this paper, analysis results are presented on a decadal basis with respect to the mutual comparability of the individual rivers, and the expression of the general features of the time of occurrence of floods. Figure 3 shows the decadal frequency of floods in Bilbao, classified by seasonality. In this case, 55.5% of the floods are classified as extraordinary floods, and 44.4% as catastrophic floods. Figure 4 shows the decadal frequency of floods corresponding to the Duero River (Zamora) and two of its main tributary rivers, the Pisuerga (Valladolid) and the Tormes (Salamanca). The frequency of extraordinary floods is 56.0, 64.5 and 56.2%, and that of catastrophic floods 44.0, 35.5 and 43.8%, respectively, for Zamora, Valladolid and Salamanca. Records from Toledo and Sevilla are more complete, at least since the first decades of the 15th century. The percentage of floods without a precise date is below 20% in the two locations (Table 3) , and the frequency of catastrophic floods is 21.1% in Toledo and 31.6% in Sevilla. Figure 5 shows the decadal frequency of floods corresponding to these cities, in both cases mainly corresponding to winter floods. The total number of floods recorded in the Atlantic Basin rivers, independently of the type (extraordinary or catastrophic) and the seasonality of the flood, was averaged for each decade in order to obtain a general view on the frequency of floods in this area (Fig. 6) . Two main peaks can be noticed, corresponding to the decades 1591-1600 and 1781-1790. In the first case, this result is in good agreement with the study of European river floods during the 16th century, such as the River Garonne in France, with a consistent increase in the frequency of floods in Toulouse and Agen from the 13th to the 19th centuries (Brázdil et al., 1999) . At the end of the 18th century, winter precipitation anomalies over Spain have been associated with pressure anomalies centred over the Atlantic Ocean northwest of the Iberian Peninsula (Pauling et al., 2006) . The period between these two peaks, with an absence of floods in two decades (1661-1670 and 1711-1720) corresponds to the Maunder Minimum period, suggesting an interesting relationship between solar activity and the frequency of floods in the Iberian Peninsula (Vaquero, 2004) . According to Pauling et al. (2006) , during the first half of the 18th century, the influence of a sea-level pressure pattern, characterized by continental blocking in Europe, reached southern Spain and Morocco, preventing the Atlantic lows causing floods to reach the Iberian Peninsula. Finally, it seems that the frequency of floods shows a decreasing trend during the 19th century. The possible effects of development and occupation of basins and banks must also be taken into account to explain the reduced number and intensity of floods in the 20th century (Brázdil et al., 1999; Trigo et al., 2004) . Figure 7 shows the decadal frequency of floods in Mediterranean Basin rivers. The frequency of floods without exact seasonal specification is below 25% in all cases (Table 3 ). The percentage of extraordinary floods (around 70%) is higher than that of catastrophic floods in all cases. Differences in the decades with the maximum number of floods may be due to the local and convective character of torrential rains causing floods in this area. Nevertheless, an averaging procedure was adopted to obtain an overview of the flood frequency in the Mediterranean Basin, in a way similar to that used for the Atlantic Basin (Fig. 8) . Two peaks can be seen, corresponding to the decades of 1621-1630 and 1841-1850. In comparison with other Mediterranean areas, some differences should be mentioned: in Italy high instability in atmospheric conditions was detected in 1570-1614 (Camuffo & Enzi, 1994 , 1996 , and the periods 1500-1550 and 1720-1830 have been identified as those with the highest frequency of sea surges at Venice (Camuffo, 1993) . The main factor which triggers sea surges in Venice is mainly associated with atmospheric low pressure over the western or central Mediterranean, generating a sirocco in the late autumn. According to Grove & Conterio (1994) , the incidence of extremes could differ markedly in the eastern and western Mediterranean Basin. The decreasing trend detected in the Atlantic Basin during the 19th and 20th centuries is not so clear in the Mediterranean Basin, with a secondary maximum corresponding to the decade 1961-1970. Incomplete documentary evidence about floods can partly diminish the validity of the presented results, and it may be difficult to obtain conclusions from a more complete statistical analysis of trends and fluctuations in flood occurrence. Particularly, the first decades of the record may contain a considerable amount of missing data. On the other hand, the runoff process of a catchment and its flood events are greatly influenced by changes in the landscape and anthropogenic modifications, particularly important during the 20th century. Consequently, in order to analyse the occurrence of floods in a more complete way, the data shown in Figs 6 and 8 were limited to the period 1501-1900. In a first approach, the correlation between the two series was computed, to confirm the different behaviours of the two basins. Two coefficients were calculated -the correlation coefficient of Pearson (r = 0.11) and the non-parametric Spearman rank coefficient (s = 0.24). Values obtained were not significant at the 95% confidence level, confirming the differences between the two basins. In order to search for possible time patterns in the frequency of the average number of floods in each basin, the autocorrelation coefficients were calculated for different lags; Fig. 9 shows the results. In the case of the Atlantic Basin, a significant autocorrelation coefficient (r = 0.44) was found corresponding to lag = 5, that is, 50 years. In the Mediterranean Basin, three coefficients were significant, corresponding to lags 1 (r = 0.44), 2 (r = 0.48) and 4 (r = 0.45). From these results, it is evident that the floods in the Mediterranean Basin occur with higher frequency than those in the Atlantic Basin. Nevertheless, one must be cautious in interpreting these results, given the nature of the original data. A possible explanation is the different nature of mechanisms provoking floods in the two basins. In the 20th century, the average number of floods per decade in the Atlantic Basin was 0.5, while in the Mediterranean Basin it was 1.2. These values are statistically different at the 95% confidence level, supporting the results obtained for previous centuries. 
SELECTED FLOOD EVENTS

Definition of severe inter-basin events
Floods have a strong impact on society. However, most catastrophic floods in the Mediterranean area have a limited impact, due to rainfall patterns and the complexity of orography. For this reason, it seems appropriate to study the flood events of high severity affecting broad areas in the Iberian Peninsula. The availability of a database of Spanish flood events covering a long time period is an opportunity for identifying and characterizing the larger-magnitude events, whose frequencies are very low in the modern instrumental period. Flood events with two or three basins recording catastrophic inundations have been identified as Large Catastrophic Events (LCE), and those with four or more basins recording catastrophic inundations are referred to as Very Large Catastrophic Events (VLCE). Of the total of 589 catastrophic inundations in 30 locations integrated in the database, only 42 events are identified as LCE (in total, 120 catastrophic inundations: 20.3% of the total). On the other hand, five events were identified as VLCE, accumulating 24 catastrophic inundations (4% of the total). In this section, the complete number of 30 chronologies listed in Table 1 is used.
Classification of the Large Catastrophic Events (LCE)
Large Catastrophic Events (42 cases), were organized into six geographical types according to basins affected by catastrophic impacts: 1. Atlantic Type (3 cases): 1545 (January), 1636, 1860. Only Atlantic basins are affected. 2. Extended Atlantic Type (2 cases): 1434, 1778. This affects Atlantic basins but also adjacent Mediterranean basins, such as the Segura River or the southern coast. 3. Northern Mediterranean Coast Type (13 cases): 1663, 1678, 1777 (November), 1777 (December), 1837, 1840, 1842, 1850, 1861, 1898, 1928, 1962, 1971 . Coastal basins of Catalonia (northeastern Spain) are affected. 4. Extended Northern Mediterranean Coast Type (10 cases): 1488, 1525, 1604, 1763, 1766, 1771, 1787, 1853, 1874, 1982 . This affects Catalonian coastal basins, but also adjacent internal basins, such as the Segre River. 5. Central Mediterranean Coast Type (12 cases): 1406 , 1427 , 1517 , 1545 (October), 1581 , 1591 , 1731 , 1779 , 1783 , 1805 , 1834 , 1897 . This type affects basically the Turia and Júcar basins. Occasionally it also affects northern or southern adjacent basins. 6. Singular Type (2 cases): 1615, 1651. This affects two distant basins, the Segura River (southeastern Spain) and the Nervión River (northern Spain). Figure 10 shows the basins affected in each case. It can be noted that the number of LCEs that affect Mediterranean basins is higher than those corresponding to Atlantic basins. Three LCE types have been distinguished in Mediterranean areas, according to the latitude of the phenomenon. In the case of the northern coast (Singular Type), rainfall causing floods is linked to southern flows that bring air masses from the Atlantic Ocean; the effect of the local orography over these fluxes forces an ascent of the air mass and precipitation in coastal areas (Sáenz et al., 2001) . This situation may be linked to low pressure anomalies in the Mediterranean Sea (Muñoz-Díaz & Rodrigo, 2006) , but the relation with the Segura River (to the southeast) must be studied in more detail. 
Description of selected Very Large Catastrophic Events (VLCE)
1617, November The episode of November 1617 was produced by torrential rains of an exceptional duration. It corresponds to Type 4 ( Fig. 11(a) ). Reconstruction of water discharges shows values unrecorded during the modern instrumental period (that is, most of the 20th century).
The torrential rainfalls followed a SW-NE itinerary, parallel to the Spanish Mediterranean coast. The first catastrophic flood was recorded in Valencia (Turia River), on 1 November 1617. On 3 and 4 November, most of the floods were recorded on the coast of Catalonia, reaching Perpignan (southern France) on 6 November. After this first stage of torrential rainfall, a few hours of calm occurred. A second large wave of inundations on the coast was produced on 5 and 6 November by local but strong convective activity. The torrential rains registered in the Pyrenees also produced strong inundations in the River Segre on 3 and 4 November. The peak flood in the Ebro River reached the coast (Tortosa city) on 5 November. The final assessment of the destruction is sufficient for perceiving the exceptionality of this event, recorded by the people as "The Year of Deluge" (Lo Any del Diluvi): the complete destruction of at least 389 buildings, 17 hydraulic mills, 22 bridges, seven irrigation channels and partial damage in the walled perimeter of six cities . The total deaths could not be reconstructed because of the large number of parish archives that would have to be consulted, but the impact on the population was clear: massive destruction of hydraulic mills and irrigation infrastructures produced a very prolonged scarcity of flour and loss of energy and water in multiple productive activities. On the other hand, extensive coastal lagoons existed for years because there was no easy drainage in the plain sectors. These areas attracted rodents and mosquitoes resulting in the appearance of epidemic diseases.
1626, January/February
The flood event of January 1626 can be considered analogous to the November 1617 event for the Atlantic Basin. It is a clear Type 2 event (Fig. 11(b) ). The severity of overflows is explained by a pressure low moving from the Gulf of Cadiz to northern basins in a south-north direction. First, it was detected in Sevilla with a strong thunderstorm on 22 January. The size of the perturbation was sufficient to produce similar effects in Malaga on 25 January. After this, the perturbation moved around northward and caused catastrophic overflows between 26 and 27 January in Salamanca, Valladolid and Zamora. The city of Sevilla remained flooded for 26 days because other belts of torrential rainfall followed the circulation for the area, maintaining the overflow of the Guadalquivir River. There were further inundations in February. In Malaga another overflow occurred on 1 February, there was one strong storm in Sevilla on 8 February and on 12-13 February rivers flooded following strong rains in Salamanca and Loja (close to the city of Granada). The impacts were strong and extended. People did not know any references for similar events in either written documents or the oral tradition. The general assessment shows 642 people dead, 480 buildings destroyed, at least three bridges destroyed and many hydraulic mills disappeared.
1776, October
This event was produced by a torrential rainfall on the Mediterranean coast, but with an unusual extension of affected basins, corresponding to the Type 5 event (Fig. 11(c) ). The singular aspect of this event is the probable itinerary followed by the belt of precipitation (NE-SW). Overflows started in the north on 18 October (Besós and Llobregat rivers), arriving at the Turia River on 21 October and finally at Murcia (Segura River) on 23 October.
The impacts were not very abundant. Some houses were destroyed in Sant Feliu de Llobregat (Llobregat River basin). The Besos River overflow produced destruction of one factory, killing 10 workers. In Valencia, the inundation destroyed two bridges, and in Murcia it destroyed several hydraulic mills and the protection dike, and caused marked destruction in an irrigated agricultural area.
1866, October
This event was produced by torrential rainfall on most of the Catalonian basins, that is, an event of Type 4 according to the classification above ( Fig. 11(d) ). The overflows started on 20 October in the Ter and Llobregat rivers. On 21 October, they reached the internal basins affecting Lleida (Segre River) and Tortosa (Ebro River). On 23 October, new rainfalls provoked new overflowing in Girona city (Ter River) and on 25 October in the small basin of the city of Mataró. In both floods of Girona, the events did not reach sufficient magnitude to produce catastrophic damage: the inundation depth in the city was only 1.5 m. At the same time other small basins were affected.
The overall balance of impacts includes the destruction of six bridges, nine buildings, at least two hydraulic mills, one irrigation channel and the partial destruction of one walled perimeter. Eight people died. Significant damage occurred in agricultural areas close to Lleida city, a rich irrigated area, with water levels reaching 3.5 m in the fields. During these events, a new impact was recorded: general destruction of railway infrastructures was added to the usual damage.
1907, October
This event was caused by torrential rainfalls affecting coastal and internal basins of Catalonia, classified as a Type 4 event (Fig. 11(e) ). The magnitude of overflows was significant, but destruction of infrastructures was relatively minimal. The Segre River overflowed strongly between 20 and 22 October in Seu d'Urgell. On 22 October, an overflow was recorded in Balaguer and Lleida (4500 m 3 s -1 ) with water levels of 8-10 m above the normal level. On 23 October a flood peak reached Tortosa. This city, close to the estuary, recorded the strongest flood event known in the instrumental period (maximum instantaneous water discharge: 23 484 m 3 s -1 ). That same day, Barcelona experienced the sinking of walls, destruction of modest houses and landslides in coastal hills.
Damage was moderate, thanks to preventive measures and warnings sent by telegraph between affected cities. Only two bridges were destroyed. Most of the damage was focused on Lleida city, with total destruction of protection dikes, some hydraulic mills and factories, more than 400 modest houses and the irrigated crops of Lleida.
CONCLUSIONS
Spanish documentary heritage, in view of the chronologies reconstructed, is able to provide sufficient information for a good number of flood series with abundant complementary information (temporal patterns, water levels, singular events). The chronologies analysed herein could be strongly increased if a sustained effort of data collection is applied in the near future. In addition, much research work is necessary to obtain a complete overview of the historical floods in Spain, particularly searching data in the northwestern area of the country and the Guadiana River basin, because these zones are still unexplored for this type of study.
Differences between Atlantic and Mediterranean basins are important in terms of both seasonality and time frequency, with different behaviour over the long term. Mediterranean basins were affected by floods with higher frequency and occurring in autumn months, meanwhile Atlantic basins were affected by floods occurring in winter months. In general terms, the increments in frequency of floods are produced in the middle and late 16th century, the end of the 18th century and the second half of the 19th century. Times of low activity correspond to the middle decades of the 15th century, the early 16th century, the period corresponding to the Late Maunder Minimum (c. 1680-1730) and the early 19th century. These results are common for the complete decadal number of floods and for the distribution of large and very large catastrophic events. A more complete database will allow a more in-depth statistical analysis in the future, to search for trends, fluctuations or abrupt changes, and to establish possible relationships between flood frequency, changes in the land use (transformation of the region, protective works) and climatic patterns.
